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The impact of process fluctuations for the lifetime distribution of middle-of-line time-
dependent dielectric breakdown was investigated by Monte-Carlo simulation.  Global and 
local variations were simulated using a doubly truncated normal distribution.  A goodness 
of fit to the generated data was determined statistically in terms of the Weibull distribution 
and clustering model.  A change in the standard deviation of the global variation shows a 
large contribution to lifetime variation.  However, it does not affect the average lifetime.  
A change in the standard deviation of the local variation contributes to both the average 
lifetime and the distribution variation.  The upper limit of the process variation induces the 
convex upward shape of the lifetime distribution on the Weibull plot.  The clustering model 
well explains the distribution shape. 
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1. Introduction 
The minimum spacing in advanced integrated circuits continuously decreases with 
successive generations of technology.  For single-nanometer-node devices, the spacing 
between the gate and the source/drain contacts will become less than 10 nm, which is 
comparable to that of gate dielectrics in early CMOS technology 1).  This means that 
leakage and breakdown risks considerably affect the reliability of the single-nanometer-node 
devices.  Hence, recently, there has been concern about middle-of-line (MOL) time-
dependent dielectric breakdown (TDDB) 2-10). 
In particular, for the MOL leakage and breakdown issues, it is easy to speculate that 
they will be affected by geometric variations due to process fluctuations 2-4), 11-13).  As 
shown in Fig. 1, the lithography misalignment, via diameter fluctuation, and line edge 
roughness (LER) will have an effect on the contact-to-gate spacing and MOL TDDB 
behaviors. 
For the gate oxide TDDB, it is well known that the statistical Poisson assumption is 
well adopted for the lifetime characteristics.  In other words, randomness and independence 
can be assumed for the lifetime of gate oxide TDDB.  However, the variations in spacing 
will be indispensable in the emerging MOL TDDB.  In some contact-to-gate segments, 
spacing will be very small and failure probability will become very high locally.  It can be 
considered as a defect, and a certain statistical model that is based on the defect-clustering 
concept has been proposed for the analysis of lifetime distribution 14-19).  In addition, a 
statistical estimating method for parameters of the model and its asymptotic characteristics 
were reported 16).  However, to use this function, it is important to understand whether the 
lifetime distribution can be considered to follow the clustering model.  Because the spacing 
variation may have roots in the clustering, contributions of the spacing variations to the 
distribution shape should be investigated. 
In this study, impact from global and local variations of contact-to-gate spacing in the 
lifetime distribution of MOL TDDB was investigated with a Monte-Carlo simulation 
technique.  A doubly	truncated normal distribution is assumed for the spacing variations.  
The maximum likelihood method and Akaike’s information criterion (AIC) are used to 
evaluate the goodness of fit of the clustering model to the generated lifetime in the Monte-
Carlo simulation, compared with the Weibull distribution.  The difference in the level of 
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impact will be investigated between a stress acceleration condition and a use condition. 
 
2. Experimental methods 
2.1 Monte-Carlo simulation 
The Monte-Carlo simulation in this study is based on some statistical and physical 
assumptions.	 Notably, the simulation consists of three-stage random variable generators, 
which describe global variation, local variation, and lifetime variation.  The former two 
variations contribute to contact-to-gate spacing.  The latter one is attributed to the electric 
field dependence and intrinsic lifetime distribution. 
The effective spacing 𝑠"# is described as 𝑠"# = 𝜇 − 𝜉"∙ − 𝜀"#, (1) 
where 𝜇 is the drawn spacing, 𝜉"∙ is the global variation shift of the ith die (𝑖 = 1, 2,⋯ , 𝑛), 
and 𝜀"# is the local variation shift of jth contact-to-gate on the ith die (𝑗 = 1, 2,⋯ , 𝑘).  If 
the global and local variations of spacing are negligible, it is natural to assume the Weibull 
distribution as an intrinsic TDDB lifetime distribution.  In that case, the field dependence 
of lifetime can be assumed on a scale parameter of the Weibull distribution for each contact-
to-gate spacing, 𝑠"#, by the root-E model 4, 20-23) as 𝜂"#3𝑉567855, 𝑠"#9 = 𝐴exp3−𝛾?𝑉567855 𝑠"#⁄ 9, (2) 
where A is a constant, 𝛾 is the field dependence factor {[22.4 (cm/MV)0.5], see Ref. 4}, and 𝑉567855  is the stress voltage. 
For global and local process variations, generally, a normal distribution will be assumed 
on the grounds of the central limit theorem 24).  However, the spacing fluctuates between its 
upper and lower limits practically.  The upper limit of the spacing loss coincides with the 
absence of contact-to-gate spacing; this implies short failure.  In other words, a very small 
spacing will induce abnormal leakage or short failure.  The lower limit of the spacing loss 
implies an increase in spacing.  A very large spacing will induce interconnect open failure 
or an abnormally large resistance as a pair phenomenon of spacing.  Consequently, the 
distribution function with an infinite statistical range is inappropriate for describing the 
decrease in spacing.  A doubly truncated normal (D-TN) distribution is a distribution in 
which values greater and lesser than certain given values are not recorded.  In this study, a 
D-TN distribution is assumed for global and local variations as 
   
Japanese Journal of Applied Physics 55, 06JF02 (2016) 
http://doi.org/10.7567/JJAP.55.06JF02 
© 2016 The Japan Society of Applied Physics 
 
4 
𝜉"∙~D-TN3𝜇F, 𝜎FH, 𝑢𝑙F, 𝑙𝑙F	9, 𝜀"#~D-TN3𝜇L, 𝜎LH, 𝑢𝑙L, 𝑙𝑙L	9, (3) 
where D-TN (∙)  is the cumulative distribution function of the D-TN distribution (see 
Appendix), g is the suffix of die that means global position, l is the suffix of contact-to-gate 
spacing that means local position, 𝜇F  is a bias from the drawn spacing due to global 
variation, 𝜇L  is the bias from the die average spacing due to local variation, 𝜎∙  is the 
standard deviation of each variation, 𝑢𝑙∙ is the upper limit, and 𝑙𝑙∙ is the lower limit of the 
D-TN distribution. 
    In the Monte-Carlo simulation, the inverse function method for generating random 
numbers of variations was commonly used.  In the same manner, random numbers of 
lifetime 𝜏"# were generated by the inverse function of the Weibull distribution, 𝐹QR(∙), as 𝜏"# = 𝐹QR3𝑢|𝛽, 𝜂"#9 = infX𝜏"#|𝐹3𝜏"#|𝛽, 𝜂"#9 ≥ 𝑢Z				(0 < 𝑢 < 1), (4) 
where 𝛽 is the shape parameter (3 in this study).  Physically, the lifetime of each die will 
correspond to the first breakdown in the kth contact-to-gate segment through the weakest-
link theory.  Thus, the lifetime of the ith die, 𝜃", is described as 𝜃" = min3𝜏"#9. (5) 
As a test structure, k=10,000 contact-to-gate pairs are assumed per die.  Moreover, 
n=10,000 lifetimes of the die are simulated.  The generated random numbers were analyzed 
using the Weibull plot and maximum likelihood method (MLE) 25-27). 
 
2.2 Statistical modeling and analysis 
To investigate the impact of global and local variations on lifetime distribution shape, the 
fittings of distribution functions to the generated lifetime were compared using the MLE of 
the Weibull distribution and the clustering distribution model 16-19). 
The cumulative probability function of the Weibull distribution is described as 
𝐹(𝑡) = ⎩⎪⎨
⎪⎧1 − exp e− f𝑡𝜂ghi				(𝑡 ≥ 0)
0											(𝑡 < 0),  (6) 
where h is the scale parameter.  The probability density function is derived from Eq. (6) as 
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𝑓(𝑡) = ⎩⎪⎨
⎪⎧𝛽𝜂 f𝑡𝜂ghQR exp e− f𝑡𝜂ghi				(𝑡 ≥ 0)
0														(𝑡 < 0).				 (7) 
The log-likelihood function for all the observations is given by ln 𝐿 = const.+rln s𝛽𝜂 f𝑡"𝜂ghQR exp e−f𝑡"𝜂ghitu"vR= const.+𝑛 ln𝛽 − 𝑛𝛽 ln 𝜂 + (𝛽 − 1)rln 𝑡"u"vR −rf𝑡"𝜂gh .u"vR  
 
 
(8) 
The maximum likelihood estimates of parameters are derived using Eq. (8).   
For the clustering model, the log-likelihood function can be derived in the same manner.  
The cumulative probability function of the clustering model is described as 16) 
𝐹(𝑡) = ⎩⎪⎨
⎪⎧1 − e1 + 𝛿𝛼 f𝑡𝜂ghiQy 			 (𝑡 ≥ 0)
0												(𝑡 < 0),  (9) 
where 𝛿 is the defect rate (1 in this study), 𝛼 is the clustering parameter, and h is the scale 
parameter.  The probability density function is derived from Eq. (9) as 
𝑓(𝑡) = ⎩⎪⎨
⎪⎧𝛽𝜂 f𝑡𝜂ghQR s1 + 1𝛼 f𝑡𝜂ghtQyQR 				(𝑡 ≥ 0)
0																					(𝑡 < 0).				  (10) 
The log-likelihood function for all the observations is given by 
ln 𝐿 = const. +rln z𝛽𝜂 f𝑡"𝜂ghQR e1 + 1𝛼 f𝑡"𝜂ghiQyQR{u"vR= const. +𝑛 ln𝛽 − 𝑛𝛽 ln 𝜂 + (𝛽 − 1)rln 𝑡"u"vR− (𝛼 + 1)rln e1 + 1𝛼 f𝑡"𝜂ghi			u"vR . 
 
 
 
 
 
(11) 
The maximum likelihood estimates of parameters are derived using Eq. (11).   
    To choose an appropriate distribution function that shows a higher goodness of fit to 
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the observed data, Akaike’s Information Criterion (AIC) 28) has been proposed, and it is 
defined as AIC = −2	ln𝐿 + 2𝑚, (12) 
where ln𝐿  is the maximization of Eq. (8) or (11) and m is the number of estimated 
parameters.  AIC can be calculated for each model with the same dataset, and the “best” 
model is that with the minimum AIC value. 
 
3. Results and discussion 
3.1 Impact of global and local variations 
To evaluate the impact of variations, a 32 nm node spacing is assumed in the Monte-Carlo 
simulations.  The spacing drawn between the contact and gate is set to be 24 nm.  The 
stress voltage is assumed as 15 V to simulate the reliability test condition.  Parameters of 
the spacing variation distributions were set as shown in Table I.  The impact of global 
variation, local variation, and truncated limits is simulated.  The parameters of cases 1 to 4 
in Table I simulate the impact of standard deviation of global variation.  The parameters of 
cases 1 and 5 to 7 in Table I simulate the impact of the standard deviation of local variation.  
The parameters of cases 1, 8, and 9 in Table I simulate the impact of the upper limit of global 
variation.  The parameters of cases 1, 10, and 11 in Table I simulate the impact of the upper 
limit of global variation. 
    The global variation shows a large impact on the slope of the Weibull plot for the 
generated lifetime as shown in Fig. 2.  Moreover, the generated lifetime does not indicate 
straight lines on the Weibull plot, which means that the Weibull distribution is inappropriate 
for describing the lifetime distribution that is affected by process variations.  Additionally, 
the whole distribution shape responds sensitively to the change in global variation.  A larger 
standard deviation of global variation induces a larger lifetime variation.  However, the 
average lifetime is not affected by the change in the standard deviation of global variation.  
Similarly, the convex upward shape is not affected.  These results suggest that global 
variation is not a unique reason for the convex upward shape of the lifetime distribution on 
a Weibull plot. 
On the other hand, the local variation contributes to both the distribution tail and the 
average lifetime, as shown in Fig. 3.  The whole distribution shifts to the right on the plot 
   
Japanese Journal of Applied Physics 55, 06JF02 (2016) 
http://doi.org/10.7567/JJAP.55.06JF02 
© 2016 The Japan Society of Applied Physics 
 
7 
according to the decrease in the standard deviation of local variation.  Moreover, the left-
hand distribution tail decreases, and the lifetime in low percentile increases simultaneously.  
Because the lifetime of the die is defined with the weakest link of intradie variation, a 
decrease in the standard deviation of local variation seems to suppress extremely small 
outliers of lifetime.  In a die, the spacing of segments shows a distribution depending on 
the local variation.  Depending on the electric field dependence of the TDDB, the failure 
rate of segments will be increased at a small spacing and will be decreased at a wide spacing.  
On the other hand, the lifetime of the die will be determined by the first failure in many 
segments (weakest link).  Namely, only segments that are close to the smallest spacing will 
contribute to the die lifetime and its distribution.  Because the smallest spacing depends on 
the standard deviation of local variation, the lifetime distribution will also shift depending 
on the standard deviation of the local distribution.  However, these behaviors do not act 
dominantly on the convex upward shape of the distribution on the Weibull plot. 
To suppress the lifetime variation, information about the spacing distribution at 
breakdown will be important to set up appropriate process controls.  Figure 4 is a box plot 
of the spacing distribution at breakdown and indicates its dependences on global and local 
standard deviations.  A decrease in global standard deviation leads to a decrease in 
breakdown spacing variation and its lower outliers, as shown in Fig. 4(a).  A decrease in 
local standard deviation induces a shift in breakdown spacing distribution, as shown in Fig. 
4(b).  Because the lower outlier of spacing will induce the lower outlier of lifetime, a 
decrease in global variation seems to play a key role in process integration. 
In previous studies, the impact of process variation on lifetime was discussed on the 
basis of a unique factor.  Global and local variations were often described as a merged 
variation by a normal distribution on the basis of the central limit theorem (e.g. Ref. 29)).  
Similarly, in the clustering model, the uniformity of size of segments (e.g., spacing and 
thickness) is also discussed as a single distribution 30).  However, the physical origin of the 
size distribution describing the uniformity is not sufficiently understood.  The results of 
this work suggest a concept regarding the physical origin of the segment size distribution 
and its impact on the lifetime distribution. 
 
3.2 Impact of decrease in upper limit of spacing 
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The spacing distribution described by the D-TN distribution well contributes to the convex 
upward shape of the lifetime distribution.  As shown in Fig. 5, the upper limit of the D-TN 
distribution shows a strong contribution to the distribution shape.  In particular, the upper 
limit of global variation causes an extreme convex upward shape.  This result agrees with 
the recent report that proposes the inverse gamma distribution that represents an asymmetric 
distribution as the effective spacing distribution 30).  In addition, it suggests that the 
suppression of the decrease in spacing by the upper limit of global variation plays a key role 
in reliability assurance. 
AIC suggests that the clustering model gives a better fitting for all datasets in Fig. 5 
compared with the Weibull distribution, as shown in Table II.  Moreover, the difference in 
AIC between the Weibull distribution and the clustering model means that decreasing the 
upper limit of global variation induces a better fitting of the clustering model than that of 
local variation.  Because the estimated accuracy of reliability strongly depends on the 
sample number and clustering parameter in the case of the clustering model 16), it is important 
to plan reliability tests carefully with statistical estimation. 
 
3.3 Voltage dependence of lifetime distribution 
For reliability predictions under the use condition, it is important to understand the stress 
dependence of lifetime characteristics, which are average behavior and variability.  In 
particular, the voltage dependence of lifetime has a large contribution to the change in 
lifetime distribution.  In the case of the root-E model, the variation of the lifetime 
distribution will be larger under the accelerated test condition than under the use condition 
29, 31).  Hence, the simulated results above should be reaffirmed under use stress conditions. 
For that purpose, additional simulations were performed under 1.5 V with the 
conditions in Table I.  Figure 6 indicates the results of global variation dependence under 
the use condition corresponding to the accelerated test condition in Fig. 2.  The effect of 
global variation on the variation of the lifetime distribution is smaller under the use condition 
than under the accelerated condition 26-29).  However, the same trend, the average lifetime 
of which is not affected by the change in the standard deviation of the global variation under 
the accelerated condition, can be confirmed.  Similarly, as shown in Fig. 7, the local 
variation dependence shows the same trend as that observed under the accelerated condition.  
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The whole distribution shifts toward a larger lifetime according to the decrease in local 
variation, in spite of the small dependence compared with that under the accelerated 
condition.  Furthermore, the dependence of the upper limit of the D-TN distribution 
indicates the same trend as shown in Fig. 8.  In particular, the distribution tail on the left 
(smaller side) is in good agreement with the intrinsic Weibull slope (3 in this study) for the 
upper limits of both global and local variations.  In summary, the spacing impact on lifetime 
variation decreases under the use voltage condition compared with that under the accelerated 
stress voltage condition depending on the physical voltage acceleration model.  Moreover, 
the effect of decreasing the standard deviation of global or local variation is the same in the 
low cumulative failure probability range.  These results will provide important information 
for process integration and reliability assurance. 
 
4. Conclusions 
The lifetime distribution characteristics of MOL TDDB were discussed from the viewpoint 
of process fluctuation impact by using the Monte-Carlo simulation technique.   
Both global and local variations that assume process fluctuations show marked 
contributions to the change in lifetime distribution shape.  However, the convex upward 
shape in distribution will strongly depend on the upper limit of the D-TN distribution of 
variation.  The clustering model shows a better fitting to the generated data, and this is 
confirmed by AIC. 
Under low voltages, the variation impact is smaller than that under stress conditions.  
It depends on the voltage acceleration model, which is assumed in this study. 
 
 
Appendix 
Suppose 𝑋~𝑁(𝜇, 𝜎H)  has a normal distribution with 𝑋 ∈ (𝑎, 𝑏),−∞ ≤ 𝑎 < 𝑏 ≤ ∞.  
Then, 𝑋(𝑎 < 𝑋 < 𝑏) has a truncated normal distribution.  D-TN(∙) is defined as 
D-TN(𝑥; 𝜇, 𝜎, 𝑎, 𝑏) = Φ𝑥 − 𝜇𝜎  − Φ(𝐵)Φ(𝐴) − Φ(𝐵) 				(𝑎 ≤ 𝑥 ≤ 𝑏, 𝜎 > 0), (A1) 𝐴 = 𝑎 − 𝜇𝜎 ,			𝐵 = 𝑏 − 𝜇𝜎 ,	 (A2) 
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where Φ(∙) is the cumulative distribution function of the standard normal distribution.  
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Figure Captions 
Fig. 1. (Color online) Schematic diagram of global and local variations of contact-
to-gate spacing [2]. 
 
 
Fig. 2. Lifetime distributions with various global variations (n=k=10,000, Vstress=15V, µ=24 
nm, µg=0 nm, µl=0 nm, sl=3.0 nm). 
 
 
Fig. 3. Lifetime distributions with various local variations (n=k=10,000, Vstress=15V, µ=24 
nm, µg=0 nm, µl=0 nm, sg=3.0 nm). 
 
 
Fig. 4. Box plots of breakdown spacing for various global and local variations. 
 
 
Fig. 5. Lifetime distributions with various upper limits of variations (n=k=10,000, 
Vstress=15V, µ=24 nm, µg=0 nm, µl=0 nm, sg=3.0 nm, sl=3.0 nm). 
 
 
Fig. 6. Lifetime distributions with various global variations (n=k=10,000, Vstress=1.5V, µ=24 
nm, µg=0 nm, µl=0 nm, sg=3.0 nm). 
 
 
Fig. 7. Lifetime distributions with various local variations (n=k=10,000, Vstress=1.5V, µ=24 
nm, µg=0 nm, µl=0 nm, sg=3.0 nm). 
 
 
Fig. 8. Lifetime distributions with various upper limits of variations (n=k=10,000, 
Vstress=1.5V, µ=24 nm, µg=0 nm, µl=0 nm, sg=3.0 nm, sl=3.0 nm). 
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Table I.  Parameters of Monte-Carlo simulations (𝜇F = 𝜇L = 0), Unit: nm.. 
 µ sg sl 𝑢𝑙F 𝑙𝑙F 𝑢𝑙L 𝑙𝑙L 
Case 1 24 3 3 9 9 9 9 
Case 2 24 2 3 9 9 9 9 
Case 3 24 1 3 9 9 9 9 
Case 4 24 0.1 3 9 9 9 9 
Case 5 24 3 2 9 9 9 9 
Case 6 24 3 1 9 9 9 9 
Case 7 24 3 0.1 9 9 9 9 
Case 8 24 3 3 4.5 9 9 9 
Case 9 24 3 3 0 9 9 9 
Case 10 24 3 3 9 9 4.5 9 
Case 11 24 3 3 9 9 0 9 
 
 
 
 
 
 
 
Table II.  AIC comparison of distribution functions for datasets in Fig. 5. 
ulg / ull (nm) (1) Weibull distribution  (2) Clustering model (1) - (2) 
9 / 9 321506 ≃ 321508 -2 
4.5 / 9 342296 > 341998 298 
0 / 9 416090 > 412267 3823 
9 / 4.5 457659 > 457593 66 
9 / 0 558351 > 558281 70 
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Fig. 1. (Color Online) 
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Fig. 2. (Black and white) 
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Fig. 3. (Black and white) 
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Fig. 4. (Black and white) 
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Fig. 5. (Black and white) 
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Fig. 6. (Black and white) 
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Fig. 7. (Black and white) 
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Fig. 8. (Black and white) 
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